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carlsberglab.dk (J.Ø. Duus).The direct tracking of cellular reactions in vivo has been facilitated with recent technologies that
strongly enhance NMR signals in substrates of interest. This methodology can be used to assay intra-
cellular reactions that occurwithin seconds to fewminutes, as the NMR signal enhancement typically
fades on this time scale. Here, we show that the enhancement of 13C nuclear spin polarization in deu-
terated glucose allows to directly follow the ﬂux of glucose signal through rather extended reaction
networks of central carbon metabolism in living Escherichia coli. Alterations in central carbon
metabolismdepending on the growth phase or upon chemical perturbations are visualizedwithmin-
imal data processing by instantaneous observation of cellular reactions.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction employ natural substrates and resolve spectral signals of substrateNon-disruptive in vivo characterization of the cellular reaction
machinery at work presents a timely challenge for chemical anal-
ysis and for post-genomic biology. The challenge consists in the
sensitive spectroscopic detection of molecules of interest in pres-
ence of complex cellular backgrounds. In addition, direct detection
of intracellular reactions is arguably best conducted with the nat-
ural substrates in absence of labeling groups that are introduced by
chemical modiﬁcation. These prerequisites are principally met by
nuclear magnetic resonance (NMR) spectroscopy, which canchemical Societies. Published by E
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Rather recently, methods that increase the orientation of nuclear
magnetic moments (the spin polarization) 104-fold in a substrate
of choice have become popular, as these methods provide a means
to enhance in vivo NMR signals of metabolites by several orders of
magnitude [2]. Approaches for nuclear spin polarization enhance-
ment (also called hyperpolarization) have the double beneﬁt to in-
crease signals of interest relative to the spectral noise and relative
to non-enhanced backgrounds. These techniques thus speciﬁcally
assay selected chemical reactions with a tracer of choice in vivo
and complement popular metabolomics approaches for the com-
prehensive analysis of all intra- and extracellular low molecular
weight metabolites ex vivo [3].
Spin polarization enhanced substrates have primarily been used
for real-time 13C NMR assays that monitor enzymatic transforma-
tions in mammalian systems [4–13]. Genetically and biologically
more facilemodel organisms, on the other hand, have receivedmin-
imal attention despite their key role in deciphering intact biological
systemsbyprobing responses tovariousbiological, chemical andge-
netic perturbations [14]. We have recently shown that hyperpolar-
ized dietary substrates can be tracked along entire metabolic
pathways from substrate to metabolic end product in living Saccha-
romyces cerevisiae owing to its high glycolytic activity [15]. Encour-
aged by this ﬁnding, the current study aimed at establishing fast and
background free in vivo visualizations ofmetabolic network plastic-
ity in the metabolically more ﬂexible model prokaryote Escherichialsevier B.V. All rights reserved.
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Fig. 1. Overview of glycolysis, pentose phosphate pathway and mixed acid
fermentation in E. coli. Reactions that are followed in real time in living E. coli
BL21 are displayed.
3134 S. Meier et al. / FEBS Letters 585 (2011) 3133–3138coli. E. coli is known tomodulate its metabolism at various catabolic
branch points in response, e.g., to aeration, growth rate or oxidative
and chemical stress [16,17]. Such adjustments of E. coli to varying
growth phases and chemical perturbations are tracked by fast and
easy-to interpret in vivo assays of the reaction network shown in
Fig. 1.
2. Materials and methods
2.1. Cell culture
Precultures of the sequenced E. coli B strain BL21 [18] were
inoculated in 20 ml lysogeny broth (LB) medium from agar plate
and were grown over night at 37 C at 200 rpm shaker speed.
Shake ﬂask cultures were inoculated from these precultures to
OD600 = 0.02. Cells were grown to mid-exponential (OD600 = 1), late
exponential (OD600 = 3) or stationary phase (OD600 = 5) at 200 rpm
shaker speed. All mid-exponential cells and 70 ml both of the late
exponential and of the stationary culture were harvested by centri-
fugation for 5 min at 15000g. Supernatants were discarded and
the cell pellets were resuspended in 1.7 ml of 40 mM HEPES buffer
of pH 7.3 containing 100 mg/l EDTA. Resuspended cells were trans-
ferred to a 10 mm NMR tube and were thermally equilibrated for
5 min prior to injection of hyperpolarized glucose. To a shake ﬂask
culture with late exponential cells (OD600 = 3), 1 mM 2,4-dinitro-
phenol was added prior to incubation at 37 C for 45 min. Cells
were harvested as described above and resuspended in 40 mM
HEPES of pH 7.3 buffer containing 1 mM 2,4-dinitrophenol.
Precultures of S. cerevisiae BY4743 were inoculated to
OD600 = 0.1 in YPD medium and were grown in shake ﬂask culture
to OD600 = 0.8 at 30 C and 200 rpm shaker speed. Cells were har-
vested by centrifugation at 6000g and were resuspended in fresh
YP medium. Bacterial and yeast cells were resuspended into med-
iumwithout glucose, as added carbon source in the mediumwould
compete with hyperpolarized glucose fed for in vivo assays. In vivo
assays with S. cerevisiae showed less pronounced metabolic adap-
tations than in E. coli.2.2. Substrate and materials for hyperpolarization
Uniformly 2H/13C-labeled glucose ([U-2H, U-13C]glucose) was
chosen as substrate in order to provide non-protonated 13C nuclei
with sufﬁciently long hyperpolarization life time. Sufﬁcient cellular
uptake of the hyperpolarized substrate is an obvious prerequisite
for conducting in vivo assays. E. coli glucose permease has a subm-
illimolar Michaelis Menten constant towards glucose [19]. In vivo
assays of glucose metabolism by E. coli were therefore conducted
by injection of 2 mM substrate in order to saturate glucose trans-
port by the permease. At this substrate concentration, the in vivo
assay of E. coli consumes 8 mg of [U-2H, U-13C]glucose and thus
is relatively inexpensive.
Nuclear spin polarization enhancement by dynamic nuclear
polarization was conducted by dissolving 42 lmol (8 mg) of
[U-2H, U-13C]glucose (Sigma Aldrich, St. Louis, MO) in 10 mg of
aqueous polarization medium containing 27 mM trityl radical
OX063 (Oxford Instruments, UK) and 0.9 mM trimeric Gd chelate
of 1,3,5-tris-(N-(DO3A-acetamido)-N-methyl-4-amino-2-methyl-
phenyl)-[1,3,5]tria-zinane-2,4,6-trione (GE Healthcare, Amersham,
UK). Samples were vitriﬁed by ﬂash freezing in liquid helium inside
a dedicated polarizer of 3.35 Tmagnetic ﬁeld. Glucose solutions vit-
rify readily and yield amorphous frozen solutions that allow effec-
tive transfer of electron spin polarization to glucose nuclear spins.
2.3. Hyperpolarization and in vivo NMR
Microwave-driven polarization enhancement was performed by
irradiation at 93.89 GHz and 100 mW for 50 min at 1.2 K. Samples
were dissolved in 4.2 ml Milli-Q water containing 100 mg/l EDTA
to yield liquid samples of 10 mM [U-2H, U-13C]glucose. To this
end, the dissolution medium was pressurized to 4 bar and subse-
quently heated to 10 bar pressure. Hyperpolarized [U-2H,
U-13C]glucose prepared in this manner reaches the bacterial cell
suspension with a temperature near 37 C. Cell suspensions were
residing inside a 600 MHz NMR spectrometer and data acquisition
was started prior to substrate injection in order to minimize exper-
imental dead time see, e.g., Fig. 3.
Forceful injection by hand was used in order to ensure mixing of
cell suspensions and substrate solutions inside the magnetic ﬁeld.
To this end, 600 ll of 10 mM [U-2H, U-13C]glucose solution were
manually injected into 2.4 ml of E. coli cell suspension. The ﬁnal
substrate concentration was thus 2 mM glucose.
2.4. Data acquisition and processing
NMR spectra were recorded on a Bruker DRX 600 spectrometer
equipped with a 10 mm room temperature probe head. 13C NMR
spectra were recorded as an array of 512 one-dimensional spectra
using 6 ﬂip angles (2 ls pulses). No decoupling was applied dur-
ing data acquisition. A one-dimensional spectrum was recorded
every 500 ms as two transients recorded for 170 ms each, prior
to a 160 ms delay. Summation of two transients improves the sig-
nal to noise ratio of the resultant spectra at the cost of lower time
resolution, which seemed acceptable considering that glycolysis
and fermentations proceed on the >1 s timescale see, e.g., Fig. 3.
16384 data points were sampled in the time domain. Spectra were
processed with an exponential line broadening of 25 Hz and inte-
grated in Topspin 2.1. Hyperpolarization of glucose carbons fades
with a T1{14.1 T}  12 s for 13C1-5 and 10 s for 13C6. Tracking of bac-
terial metabolism for 1–2 min is aided by the catabolic conversion
of glucose to metabolites containing quaternary carbons, whose
hyperpolarization fades slower than the substrate hyperpolariza-
tion. In order to account for possible variations in substrate polar-
ization at the time of glucose injection, spectra were normalized
using glucose signals.
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3.1. Pulse-response setup: In vivo tracking of central carbon
metabolism
We attempt to visualize extended reaction networks of central
carbon metabolism in vivo with a hyperpolarized dietary substrateFig. 2. (A) Instantaneous pulse-response measurements of microbial metabolism with a
Hyperpolarization of 13C-enriched glucose enhances tracer signal 106-fold over the na
signals of the substrate and its metabolites. (B) Resultant time series of glucose metaboli
time series of 150 one-dimensional spectra is shown. Time of substrate injection is deﬁne
split by the 1JCH coupling as no proton decoupling is applied during acquisition of the 1
Fig. 3. Time series of substrate and metabolite signal areas in the experiment shown in F
Signals frommajor intermediates and products of glycolysis and fermentation are shown.
signal area is taken as twice the area of the non-overlapping downﬁeld doublet peak.(glucose in perdeuterated and uniformly 13C-enriched form) sub-
strate that is efﬁciently taken up and metabolized by the cell.
[U-2H, U-13C]glucose polarized to 25% in the solid state. After dis-
solution of the vitriﬁed and hyperpolarized glucose sample, the
substrate was mixed with an E. coli BL21 cell suspension residing
in a 14.1 Tesla NMR spectrometer in order to detect chemical
transformations of the substrate by living E. coli (Fig. 2A). Thispulse of hyperpolarized [U-2H, U-13C]glucose fed to a cell suspension of E. coli BL21.
tural background and thus allows pulse-response type experiments yielding only
sm by Escherichia coli as monitored by recording a 13C NMR spectrum every 0.5 s. A
d as time zero. The overall signal decays as hyperpolarization fades. Formate signal is
3C spectra. Note that pyruvate C1 signal overlaps with the split formate signal.
ig. 2B corrected for polarization losses from previous one-dimensional NMR spectra.
Formate and ethanol C2 are protonated by metabolism in aqueous medium. Formate
Fig. 4. Growth-phase dependent metabolic adjustment in E. coli. 6-PGL formation
by glucose-6 phosphate dehydrogenase – a growth rate dependent enzyme –
decreases as cells decelerate growth (top, time course; bottom, sum signal during
the ﬁrst 50 s of the kinetic experiment shown on top).
3136 S. Meier et al. / FEBS Letters 585 (2011) 3133–3138in vivo pulse-response setup yields a kinetic experiment as de-
picted in Fig. 2 upon feeding 2 mM hyperpolarized [U-2H,
U-13C]glucose to E. coli BL21 cells at 37 C. The conversion of glu-
cose signal into several metabolic intermediates and products by
reactions of Fig. 1 is directly detected in real-time and occurs with-
in few seconds (Figs. 2 and 3).
Major metabolites that are quickly formed and yield signals that
are resolved from the substrate and other metabolite signals
include gluconate-6phosphate (6-PGA; C1 179.1 ppm), fructose-
1,6bisphosphate (C2a 105.3 ppm; C2b 101.7 ppm), dihydroxyace-
tonephosphate (DHAP; C2 211.9 ppm), pyruvate (C1 205.8 ppm;
C2 170.9 ppm; C3 26.8 ppm), acetyl-CoA (C1 201.3 ppm; C2
30.4 ppm), lactate (C1 182.9 ppm; C2 20.3 ppm), alanine (C1
176.4 ppm), acetate (C1 181.9 ppm; C2 23.4 ppm), formate (doublet
at 171.6 ppm), CO2 (125.2 ppm), HCO3- (bicarbonate; 160.6 ppm),
ribulose-5P (C2; 213.7 ppm) and ethanol (C1 58.1 ppm; C2
16.9 ppm) (Fig. 2B). As expected, DHAP is the ﬁrst acyclic glycolytic
keto-compound to appear. Pyruvate, CO2 and acetyl-CoA signals
build up within 1 s after emergence of DHAP signal. DHAP, pyru-
vate, acetyl-CoA and CO2 approach maximum signal levels within
5 s after glucose injection. Ethanol signal is formed considerably
slower than signals of other detected metabolic end products such
as bicarbonate, acetate or formate, which approach their maxima
10 s after glucose injection. Signals decay due to the fading of
hyperpolarization in substrate and metabolites and due to
chemical turnover (Fig. 3).
Overall, entire metabolic pathways of glycolysis and mixed acid
fermentation are visualized by real-time in vivo spectroscopy at
physiological temperatures in living E. coli BL21. Formation of ace-
tate, formate, bicarbonate, CO2 and ethanol from glucose substrate
results from at least ten enzyme-catalyzed transformations in liv-
ing E. coli (Fig. 1). The possibility to directly assay multistep reac-
tions from substrate to product, including the time-resolved
detection of intermediate signals (Figs. 2B and 3), within seconds
of experiment time emphasizes the enzymatic efﬁciency of micro-
bial glucose catabolism and the power of spin polarization en-
hanced NMR to directly assay entire pathways in single
experiments.
3.2. Adaptation to nutritional changes
Bacteria have to be able to rapidly adapt their metabolism to
prevailing conditions, e.g., when they deplete the growth medium
for nutrients and oxygen [20]. We therefore set out to detect met-
abolic adaptations in shake ﬂask cultures of E. coli BL21 at different
growth phases (Fig. 4). Resultant experiments differ most promi-
nently in a metabolite signal at 175 ppm. This signal is ascribed
to d-6-phosphogluconolactone due to its chemical shift and early
emergence in parallel to gluconate-6 phosphate. Conversion of glu-
cose to d-6-phosphogluconolactone is roughly ﬁvefold higher in
exponentially growing (OD600 = 1) than in stationary (OD600 = 5)
cells (Fig. 4).
Formation of d-6-phosphogluconolactone by the glucose 6-
phosphate dehydrogenase catalyzed reaction is the ﬁrst reaction
in the oxidative branch of the pentose phosphate pathway. Glucose
6-phosphate dehydrogenase (encoded by the zwf gene) is subject
to growth-rate-dependent control [16] and enzyme levels of glu-
cose-6-phosphate dehydrogenase in cellular extracts increase
three- to ﬁvefold with increasing growth rate [21] due to transcrip-
tional activation of the zwf gene [16]. Increased in vivo formation
of d-6-phosphogluconolactone from hyperpolarized glucose tracer
during mid-exponential growth thus agrees well with levels of
transcriptional activation of the zwf gene at increasing growth rate
and with increased demand for reductive biosynthesis. On the
other hand, ﬂux of hyperpolarized glucose signal into acetate and
formate pools in shake-ﬂask LB cultures of E. coli BL21 is slightlyincreased at higher cell density, presumably due to increasingly
anaerobic conditions [22]. Overall, the formation of intermediates
and products of glycolysis and fermentation is less affected by
growth phase (Fig. 4) than d-6-phosphogluconolactone formation.
3.3. Response to protonophore
Besides being subject to growth-rate dependent regulation, the
zwf gene encoding glucose 6-phosphate dehydrogenase is a mem-
ber of the multiple antibiotic resistance (mar) operon and is trans-
criptionally induced by various antibiotics and aromatic acids
[16,23,24]. 2,4-Dinitrophenol is a particularly strong inducer of
the mar promoter at low (1 mM) amounts and was accordingly
used for chemical perturbation of E. coli BL21 cells. Late exponen-
tional (OD600 = 3) E. coli BL21 was challenged for 45 min with
1.0 mM of 2,4-dinitrophenol (Fig. 5). In vivo spectroscopy of
E. coli BL21 glucose metabolism in presence of 2,4-dinitrophenol
yields a dominant signal of the d-6-phosphogluconolactone (6-
PGL) reﬂecting even higher reaction usage than during exponential
growth, while hydrolysis of the d-6-phosphogluconolactone is the
bottleneck for the oxidative pentose phosphate pathway in E. coli
BL21 under these conditions (Fig. 5).
Multiple changes to glucose catabolism in presence of 2,4-dini-
trophenol are evident (Fig. 5), as chemical uncouplers affect the
cellular redox and energy charge and will impact on reactions by
modulating the concentrations of cofactors and allosteric regula-
tors. Speciﬁcally, ﬂux of tracer signal into ethanol and formate
pools are signiﬁcantly reduced, while pyruvate and CO2/bicarbon-
ate formation are increased. Formate and ethanol formation (and
secretion) are means for regulating cellular redox balance by elim-
inating surplus redox equivalents [22]. 2,4-Dinitrophenol suppos-
edly reduces the need to eliminate redox equivalents by reducing
the cellular reductive power [25].
Fig. 5. Alterations to cellular biochemistry upon adding 1 mM 2,4-dintrophenol at
37 C to late exponential cells (see Fig. 4). Formate and ethanol signals vanish, while
pyruvate and 6-PGL accumulate and CO2/bicarbonate formation is strongly
enhanced. The carbonyl (top and middle) and methyl regions of the 13C spectra
are shown (top, time course; bottom, sum signal during the ﬁrst 50 s of the kinetic
experiment shown on top).
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Fig. 7. Buildup of 13C net spin orientation (polarization) in [U-2H, U-13C]glucose in
dependence of sample composition. 8 mg of [U-2H, U-13C]glucose were dissolved in
9.5, 11.5 or 15 mg of aqueous polarization medium containing 27 mM trityl radical
OX063 and 0.9 mM trimeric Gd chelate, resulting in solutions containing 18, 20 and
23 mM of the radical, respectively. More than 20% net spin orientation is achieved
within 15 min at 23 mM radical concentration.
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decarboxylase catalyzed reactions agrees with the increased accu-
mulation of pyruvate (Fig. 5) in presence of 2,4-dinitrophenol. CO2
is formed by several of the assayed reactions (Fig. 1) and the fast
formation of increased CO2 levels in presence of uncoupler likely
reﬂects increased oxidative decarboxylation of pyruvate and 6-
phosphogluconate due to reduced reductive power. Such adapta-
tions to chemical uncouplers may be relevant in natural habitats,
where bacteria can encounter conditions that are mimicked by
chemical uncouplers [26]. As instantaneous pulse-response exper-
iments with hyperpolarized tracer do not require that cells thrive
and multiply, the methodology is well suited for studying meta-
bolic adaptations in response to extracellular perturbations, even
if these perturbations are detrimental to cellular physiology.
3.4. Comparison of glucose metabolism in living E. coli and S.
cerevisiae
Fig. 6 compares the time dependent redistribution of substrate
signal intometabolic pathways of different organismsby visualizing
the fate of glucose in pulse-response experiments on E. coli BL21 andFig. 6. Comparison of glucose metabolism in living E. coli BL21S. cerevisiae BY4743. E. coli and S. cerevisiae cell cultureswere grown
in the nutritionally rich media LB and YPD, respectively. In vivo as-
says of glucose turnover reﬂect the streamlining of S. cerevisiae
metabolism for alcoholic fermentation to CO2 and ethanol, as Sac-
charomyces out-competes other microorganisms in natural habitats
by producing ethanol [27]. Additional intermediates and additional
metabolic products are detectable in E. coli BL21. Glycolysis, initial
steps of the pentose phosphate pathway and fermentation proceed
on the seconds timescale in E. coli and S. cerevisiae (Fig. 6).
Signal maxima of glycolytic intermediates emerge faster in
E. coli than in S. cerevisiae. Bottlenecks of glycolysis and fermenta-
tion seem to be similar in both organisms, however. DHAP signal
accumulates in both organisms within few seconds after feeding
of glucose tracer, while the subsequent reaction intermediates
GA-3P, 3-PG, 2-PG and PEP are low populated and not detected
with the current setup. Signal from the subsequent pathway inter-
mediate pyruvate is well detectable both in E. coli and S. cerevisiae.
Pyruvate signal decays more rapidly in E. coli, however, presum-
ably due to the faster clearance by alternative fermentation routes.
In these studies, the need to employ deuterated rather than pro-
tonatedglucosemay introducekinetic isotopeeffects that could lead
to an underestimation of metabolic kinetics. The use of deuterated
substrate is expected to affect the rate of individual reaction steps,
in particular bond-breaking dehydrogenations. Nevertheless, the
timing ofDHAP, pyruvate and ethanol signal formation fromdeuter-
ated 13C glucose and protonated 2-13C fructose is very similar after
feeding of these hyperpolarized sugars to living yeast [15]. This
small isotope effect on metabolic kinetics could be a consequence
of the multistep nature of metabolism and even of enzyme-cata-
lyzed reactions themselves, where the bond-breaking steps may
contribute weakly to kinetic control [28]. Comparing metabolic(blue) and S. cerevisiae BY4743 (red) grown in rich media.
3138 S. Meier et al. / FEBS Letters 585 (2011) 3133–3138kinetics of non-deuterated and deuterated [2-13C]ketoses or per-
deuterated and partially deuterated aldoses could be a means to di-
rectly assay isotope effects in living metabolic pathways by
hyperpolarized NMR.
4. Conclusion
Hyperpolarized NMR allows the real-time monitoring of rather
extended reaction networks, if substantial substrate turnover oc-
curs on the seconds timescale. The current study indicates the use-
fulness of hyperpolarized 13C NMR for the real-time detection of
changes to cellular biochemistry under deﬁned genetic and nutri-
tional conditions. Adaptations in central carbon metabolism of liv-
ing E. coli BL21 to extracellular signals or perturbations are
visualized by the direct detection of changes to the usage and tim-
ing of cellular reactions. The assay is compatible with the use of
Good’s buffers [29] as 13C enrichment and hyperpolarization in-
crease tracer signal 106-fold over the carbon signal from the
non-hyperpolarized buffer.
The most time consuming step of the in vivo assay is the spin
polarization enhancement of the [U-2H, U-13C]glucose tracer,
which approaches levels of 30% net spin alignment with time con-
stants on the order of 1000 s (Fig. 7). Changes to the spin polariza-
tion protocol can yield acceptable polarization at substantially
reduced times (Fig. 6). A net spin alignment of 20% can be achieved
in this manner with the current setup within 15 min polarization
time, compared to 12  10–4% alignment in the detecting
600 MHz NMR spectrometer at 37 C in absence of polarization
enhancement. Throughput could be further increased by parallel
polarization and separate dissolution of samples in polarizers with
several separate sample spaces [30]. Thus, the method yields direct
information on cellular biochemistry at work by reasonably fast as-
says that do not require model dependent data interpretation.
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